Abstract Recent findings suggest that hypoxia of the tumor microenvironment contributes to immune escape from natural killer (NK) cell-mediated cytotoxicity. Heat shock protein 70 (Hsp70) and the stress-regulated major histocompatibility class I chain-related protein A and B (MICA/B) both serve as ligands for activated NK cells when expressed on the cell surface of tumor cells. Herein, we studied the effects of hypoxia and hypoxia-inducible factor-1α (HIF-1α) on the membrane expression of these NK cell ligands in H1339 with high and MDA-MB-231 tumor cells with low basal HIF-1α levels and its consequences on NK cell-mediated cytotoxicity. We could show that a hypoxia-induced decrease in the membrane expression of MICA/B and Hsp70 on H1339 and MDA-MB-231 cells, respectively, is associated with a reduced sensitivity to NK cell-mediated lysis. A knockdown of HIF-1α revealed that the decreased surface expression of MICA/B under hypoxia is dependent on HIF-1α in H1339 cells with high basal HIF-1α levels. Hypoxia and HIF-1α did not affect the MICA/B expression in MDA-MB-231 cells but reduced the Hsp70 membrane expression which in turn also impaired NK cell recognition. Furthermore, we could show that the hypoxia-induced decrease in membrane Hsp70 is independent of HIF-1α in MDA-MB-231. Our data indicate that hypoxia-induced downregulation of both NK cell ligands MICA/B and Hsp70 impairs NK cell-mediated cytotoxicity, whereby only MICA/B appears to be regulated by HIF-1α.
Introduction
Hypoxia is a fundamental characteristic of locally advanced solid tumors that contributes to malignant progression by increasing the metastatic potential as well as the resistance to radio-and chemotherapy. The adaptation of tumor cells to hypoxia is primarily mediated by the hypoxia-inducible factor-1α (HIF-1α). Under normoxic conditions, HIF-1α is ubiquitinated and rapidly degraded by the proteasome. Following hypoxia, HIF-1α accumulates in the cytosol, translocates into the nucleus, and dimerizes with the subunit HIF-1ß to form the HIF-1 complex. The HIF-1 complex binds to the hypoxia-responsive element (HRE) in the promoter region and thus induces the transcription of oxygen-regulated genes which are involved in the adaptation of cells to hypoxic conditions. Furthermore, the HIF-1 complex is known to promote angiogenesis, invasion, and metastatic dissemination of tumor cells.
Recent findings suggest that hypoxia in the tumor microenvironment also can inhibit antitumor immune responses and thus enhances tumor immune escape (Lee et al. 2010) . Natural killer (NK) cells which belong to the innate immune system provide the first line of defense against viral and bacterial infections and cancer. However, the efficacy of NK cell-based immunotherapies in solid tumors is still limited. Therefore, a better understanding of the mechanisms that can cause tumor immune escape from NK cells is of major importance.
The major histocompatibility class I chain-related proteins A and B (MICA/B) which are frequently expressed on the surface of tumor cells serve as potent ligands for NK cells. The interaction of cell surface-bound MICA/B with the activating NK cell receptor natural killer group 2 member D (NKG2D) results in tumor recognition, activation of NK cells, and tumor cell lysis. Therefore, a downregulation of MICA/B on the membrane of tumor cells by either shedding after proteolytic cleavage by metalloproteinases, release in exosomes, or recycling to internal compartments can impair recognition by NK cells (Fernandez-Messina et al. 2012) . A relationship between a hypoxia-induced accumulation of HIF-1α, an increased expression of the metalloproteinase ADAM10, a decreased MICA membrane expression, and an increased resistance to lysis mediated by peripheral blood lymphocytes has been reported (Barsoum et al. 2011) .
Besides MICA/B, membrane-bound heat shock protein 70 (Hsp70) also serves as a tumor-specific recognition structure for NK cells (Multhoff et al. 1995) . Incubation of NK cells with the Hsp70-derived peptide TKD plus low-dose IL-2 results in an increased cell surface density of the receptors CD94, CD56, and NKG2D concomitant with an enhanced cytotoxic activity against Hsp70 membrane-positive tumor cells (Multhoff et al. 2001; Gastpar et al. 2005) . Furthermore, an elevated Hsp70 cell surface density on tumor cells was associated with an increased lysis mediated by TKD/ IL-2 activated NK cells.
Herein, we investigated the influence of hypoxia and HIF-1α on NK cell-mediated immune responses against human tumor cell lines that differ drastically in their basal HIF-1α levels.
Material and methods

Reagents
Cells and cell culture
The human lung cancer cell line, H1339, was cultured in RPMI 1640 supplemented with 10 % heat-inactivated FCS, 100 IU/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate. The human breast cancer cell line, MDA-MB-231, was cultivated in the same medium supplemented with 10 mM HEPES. Cells were routinely checked for mycoplasma contamination. The authenticity of the cell lines was tested by the DSMZ (German Collection of Microorganisms and Cell Cultures).
shRNA transfection
The FG-12 RNAi delivery system was used to deliver short hairpin RNA (shRNA) against HIF-1α, as previously described (Li et al. 2007; Woodley et al. 2009 ). As a control, shRNA against β-galactosidase (lacZ) was used. In brief, HEK293T cells were transfected by using a calcium phosphate transfection kit (Invitrogen) with a plasmid containing the HIF-1α or lacZ shRNA and with two plasmids encoding the lentiviral packaging and envelope genes. The viruscontaining supernatant of transfected HEK293T cells was mixed with polybrene and used to infect H1339 and MDA-MB-231 tumor cells.
Hypoxia
Cells were incubated for 24 h under hypoxic conditions ([O 2 ]=0.66 %) at 37°C. Hypoxic conditions were achieved as described previously (Schilling et al. 2009 ).
Western blot analysis and ELISA Cells were lysed in TBST buffer as described previously (Schilling et al. 2007 ). The protein content in the cell lysates was determined using the BCA™ Protein Assay Kit (Pierce). On immunoblots, proteins were detected with antibodies against HIF-1α (R&D Systems), CA IX (Lifespan Biosciences), Hsp70 (Enzo Life Sciences), and β-actin (Sigma-Aldrich). Quantification of immunoblots was performed with ImageJ. MICA and MICB concentrations in the cell lysates were measured by ELISA (R&D Systems), and the concentrations were calculated relative to the total protein content of each sample.
HRE luciferase assay
Cells were transfected with a HRE reporter plasmid that contains a HIF-responsive firefly luciferase construct (Qiagen). One day after transfection, cells were exposed to hypoxia. After 24 h, the luciferase activity was measured using the Dual Glo Luciferase assay system (Promega). A constitutive Renilla luciferase construct served as an internal control for normalizing transfection efficiencies, cell viability, and cell numbers.
Flow cytometry
Tumor cells were incubated with the allophycocyanin (APC)-conjugated Hsp70 monoclonal antibody, cmHsp70.1 (multimmune GmbH), the APC-conjugated MICA and MICB antibodies (R&D Systems), the PE-conjugated ADAM10 antibody (R&D Systems), or the corresponding isotype-matched control antibodies for 30 min at 4°C. Cells were stained with propidium iodide (PI) and analyzed on a FACSCalibur flow cytometer (BD Biosciences). Only viable (PI negative) cells were gated to measure the membrane expression of Hsp70, MICA/B and ADAM10. The percentage of positive cells and mean fluorescence intensity (MFI) were adjusted to the respective isotype control.
NK cell isolation and europium assay NK cell-mediated cytotoxicity was measured in a standard 4-h europium assay. NK cells were generated by a CD3/CD19 depletion of PBMCs from two healthy human volunteers using a magnetic separation method (Miltenyi Biotec). The purity of NK cells was determined by flow cytometry with antibodies against CD19 (BD), CD3 (BD), and CD56 (BD). NK cells were stimulated with 100 IU/ml IL-2 (Novartis) and 2 μg/ml Hsp70 peptide TKD (ECM Biosciences) for 4 days. The NK cell stimulation was proven by flow cytometry with antibodies against CD94 (BD), CD16 (BD), CD56 (BD), NKG2D (R&D Systems), and CD69 (BD) or the corresponding isotype-matched control antibodies.
Tumor cells were exposed to hypoxic or normoxic conditions for 24 h. In brief, BATDA-labeled (Perkin Elmer) tumor cells were co-incubated with NK cells at different ratios in a Vbottom 96-well plate in 200 μl medium. After a 4 h coincubation period at 37°C, 25 μl of supernatants were transferred into ELISA plates containing 200 μl Europium (Perkin Elmer). The time-resolved fluorescence was measured using Victor X4 plate reader (Perkin Elmer).
Quantitative real-time PCR
RNA was isolated with the RNeasy Mini Kit (Qiagen), and reverse transcription of RNA was performed with the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer's instructions. Quantitative real-time (qRT)-PCR was performed in a LightCycler 480 (Roche) by using the QuantiTect SYBR Green PCR Kit (Qiagen). The primers used for qRT-PCR were as follows: ACTB-F: GACGACAT GGAGAAAATCTG, ACTB-R: ATGATCTGGGTCATCT TCTC; MICA-F: ATATCTAGAATCCGGCGTAG, MICA-R: TGATATTCCGGGGATAGAAG; and MICB-F: ATGC TGCAAAGTGTTAGTAG, MICB-R: TCCAATGGAATG TTGAGTTG. Each sample was measured in triplicate, and the mean Ct was calculated. Relative expression was calculated using the ΔΔCt method. The mRNA expression of ß-actin was used as internal control.
Statistics
Statistical analysis was performed using SPSS 18.0.2 software (IBM). The Student's t test was used to evaluate significant differences (*p≤0.05, **p≤0.01, ***p≤0.001). and hypoxia (Fig. 1) . The transcriptional activity of HIF-1α in both tumor cell types was determined in a HRE luciferase reporter assay. As expected, the HIF activity was 10-fold higher in H1339 cells compared to MDA-MB-231 cells under normoxic conditions (Fig. 2) . Under hypoxia, the HIF activity was significantly upregulated in both tumor cell lines. In order to investigate whether hypoxia and HIF-1α contribute to tumor immune escape, HIF-1α was knocked down by a lentiviral infection. As a control shRNA against ß-galactosidase (lacZ), a gene which is not present in human cells was used. The successful knockdown of HIF-1α in H1339 and MDA-MB-231 cells is illustrated in Fig. 3 . Control and HIF-1α knockdown tumor cells were exposed either to normoxic or hypoxic condition for 24 h and subsequently used as target cells in a standard cytotoxicity assay. NK cells purified from two different healthy human volunteers (effector cells) were incubated with low-dose IL-2 (100 IU/ml) and the Hsp70-derived peptide TKD (2 μg/ml) for 4 days to stimulate their cytotoxic activity against MICA/B and Hsp70 on tumor cells (Krause et al. 2004; Multhoff et al. 2001; Gross et al. 2003; Stangl et al. 2008) . Following stimulation, the expression density of the cell surface markers CD94, CD56, NKG2D, CD16, and CD69 was increased on the NK cells of the two different donors (Table 1) .
Results
Differential
Upon hypoxia, the lysis of H1339 and MDA-MB-231 tumor cells (control) by activated NK cells was significantly reduced (Fig. 4a, b, left panel) . However, the hypoxia-induced reduction in NK cell-mediated cytotoxicity could be reversed in H1339 cells when HIF-1α was knocked down (Fig. 4a,  right) . In contrast, in MDA-MB-231 cells, a HIF-1α knockdown did not affect the hypoxia-induced reduction in NK cellmediated cytotoxicity (Fig. 4b, right) . These data indicate that hypoxia protects H1339 and MDA-MB-231 tumor cells from NK cell-mediated lysis, but only in H1339 tumor cells that this effect is dependent on HIF-1α.
Hypoxia and HIF-1α differentially affect the expression of NK cell ligands MICA/B and Hsp70 in H1339 and MDA-MB-231 tumor cells
To explain the hypoxia-induced reduction in NK cellmediated lysis, we investigated the expression of the NK cell ligands MICA/B and Hsp70 in normoxic and hypoxic tumor cells. In order to investigate the impact of HIF-1α, control and HIF-1α knockdown tumor cells were analyzed. The cell surface expression of MICA/B and Hsp70 was measured by flow cytometry using APC-conjugated antibodies against MICA/B (R&D Systems) and the Hsp70 monoclonal antibody, cmHsp70.1 (Stangl et al. 2011) .
As shown in Fig. 5a , b, hypoxia significantly downregulated the membrane expression of MICA/B (mean fluorescence intensity and percentage positive cells) on H1339 cells. Since HIF-1α knockdown abrogated the hypoxia-induced reduction of membrane MICA/B, we speculate that HIF-1α is involved in downregulating the membrane expression of MICA/B. In contrast to MICA/B, the Hsp70 membrane status remained unaltered after hypoxia and HIF-1α knockdown in H1339 tumor cells (Fig. 5a, b) . Other NK cell ligands such as ULBP1, 2, and 3 were nearly not detectable on H1339 cells (below 10 % positive cells) under normoxic and hypoxic conditions. Interestingly, neither hypoxia nor a HIF-1α knockdown did affect the MICA/B membrane expression in MDA-MB-231 cells (Fig. 5c, d) . However, the Hsp70 expression (mean fluorescence intensity and percentage positive cells) was significantly reduced upon hypoxia in control and HIF-1α knockdown cells (Fig. 5c, d) . Therefore, we assume that the hypoxiainduced reduction of membrane Hsp70 in MDA-MB-231 cells is independent of HIF-1α. With respect to the differences in the expression pattern of NK cell ligands on H1339 and MDA-MB-231 cells, we assume that the reduced sensitivity of tumor cells against NK cell-mediated lysis under hypoxia is due to a decreased membrane expression of MICA/B in H1339 and a reduced Hsp70 expression in MDA-MB-231 cells.
To explain the differences in the MICA/B membrane expression upon hypoxic exposure and HIF-1α knockdown in H1339 cells, we measured the expression of the metalloproteinase ADAM10 which has been described to play a role in the hypoxia-induced shedding of MICA. Neither hypoxia nor a HIF-1α knockdown had any significant influence on the ADAM10 expression (Fig. 6a ) and the release of MICA/B in H1339 cells (data not shown). The intracellular MICA/B expression (Fig. 6b) was slightly but not significantly reduced by hypoxia in H1339 control cells. MICA/B mRNA levels (Fig. 6c) were not influenced by HIF-1α knockdown but were significantly reduced by hypoxia in control cells. Since the MICA/B mRNA expression levels (Fig. 6c) reflect the MICA/B membrane expression (Fig. 5c, d ), we assume that the HIF-1α-dependent hypoxia-mediated downregulation of mMICA/B is due to reduced MICA/B transcription.
In order to exclude that the hypoxia-induced reduction of membrane Hsp70 in MDA-MB-231 cells is due to a decreased Hsp70 synthesis or an increased secretion of Hsp70, we determined the intracellular and secreted levels of Hsp70. Neither intracellular Hsp70 (Fig. 7) nor secreted Hsp70 levels (data not shown) were significantly affected by hypoxia or HIF-1α knockdown. These data suggest that the hypoxiainduced reduction in membrane Hsp70 is due to a yet unidentified inhibition of transport to the membrane or an increased internalization rather than to changes in intracellular or extracellular Hsp70 levels.
Discussion
Hypoxia has been described to induce tumor immune escape (Barsoum et al. 2011; Yamada et al. 2012; Barsoum et al. 2014; Noman et al. 2012) . Herein, we show that hypoxia reduces the sensitivity of different human tumor cells to NK cell-mediated lysis by a differential downregulation of the NK cell ligands such as MICA/B and Hsp70.
In H1339 cells, a HIF-1α knockdown abrogated the hypoxia-induced downregulation of the MICA/B membrane expression and reduced the sensitivity against NK cellmediated lysis. This is in accordance with data showing that HIF-1α is necessary for the hypoxia-induced reduction of the MICA membrane expression on malignantly transformed cells (Barsoum et al. 2011; Yamada et al. 2012) . However, in nontransformed human cells, MICA/B membrane expression was found to be upregulated by a hypoxia/reoxygenationinduced HIF-1α overexpression (Luo et al. 2010; Wei et al. 2010) .
The mechanism of how hypoxia and HIF-1α affect the MICA/B membrane expression is still a matter of debate. The metalloproteinase ADAM10 which is upregulated under hypoxia via accumulation of HIF-1α was assumed to be responsible for a reduced MICA membrane expression; however, in this study, the amount of secreted MICA was not investigated (Barsoum et al. 2011) . Whereas some reports indicate that the downregulation of MICA membrane expression by hypoxia is associated with an increase in soluble MICA, others show a downregulation of membrane MICA under hypoxia without an increase in soluble MICA (Siemens et al. 2008; Yamada et al. 2012) . In accordance with the latter, we found no significant changes in the expression of the metalloproteinase ADAM10 and in the amount of released MICA/B upon hypoxia and/or HIF-1α knockdown in H1339 cells. Agüera-Gonzalez et al. have shown that the MICB surface expression rapidly decreases when protein synthesis is inhibited. This group suggests that the presence of MICB on the cell surface requires novel protein synthesis (AgueraGonzalez et al. 2009 ). In line with these data, we show a concomitant downregulation of MICA/B mRNA and membrane expression under hypoxia in H1339 cells which depends on HIF-1α. To our knowledge, no direct effect of HIF-1α on MICA/B transcription has been described. However, HIF-1α knockdown has been demonstrated to increase the levels of SP1 (specificity protein 1) (Culver et al. 2011 ) which constitutes an essential transcription factor for MICA/B (González et al. 2008) . Therefore, we speculate that HIF-1α activation by hypoxia might reduce SP1 levels and subsequently MICA/B mRNA expression in H1339 cells leading to the reduced MICA/B membrane expression.
In the tumor cell line MDA-MB-231, the membrane expression of MICA/B remained unaltered but the membrane expression of Hsp70 was downregulated upon hypoxia independently on HIF-1α. Despite a reduced Hsp70 membrane expression, we did not observe any significant changes in intra-or extracellular Hsp70 levels in MDA-MB-231 cells. The influence of hypoxia on intracellular Hsp70 levels is still controversially discussed in the literature. Whereas Baek et al. observed an increase in Hsp70 expression after hypoxic exposure in RIF cells (Baek et al. 2001) , another group showed differential effects on the Hsp70 expression in 18 different melanoma cell lines (Shipp et al. 2012) .
Recently, hypoxia has been demonstrated to disrupt the forward vesicular trafficking of the channel protein Kv1.3 to the plasma membrane by downregulating AP1, a protein responsible for vesicle formation (Chimote et al. 2012) . Hypoxia has also been demonstrated to regulate endocytosis by modulating Rab11 and rabaptin-5 and thereby alters the expression of surface proteins (e.g., integrins, receptor tyrosine kinases) (Yoon et al. 2005; Wang et al. 2009 ). The downregulation of rabaptin-5 has been shown to be mediated by HIF. In contrast, Park et al. (2012) showed recently that hypoxia reduces the cell surface expression of the glutamate receptor through an HIF-1-independent mechanism. In line with this study, we demonstrated that HIF-1α knockdown did not affect the hypoxia-induced reduction of Hsp70 membrane expression in MDA-MB-231 cells. A nonclassical pathway involving the endolysosomal system has been implicated in Hsp70 trafficking (Juhasz et al. 2013; Mambula and Calderwood 2006; Gastpar et al. 2005) . Therefore, we hypothesize that hypoxia might reduce the Hsp70 membrane expression by directly modulating proteins involved in the regulation of the endolysosomal system (e.g., Rab proteins) leading either to a reduced transport to the membrane or an increased internalization.
In summary, our data show that hypoxia impairs the lysis of tumor cells by NK cells. Strikingly, a differential regulation of the NK cell ligands Hsp70 and MICA/B by hypoxia and HIF-1α was found to be responsible for the downregulated lysis in different human tumor cell lines. 
